Glioblastoma (GBM) is the most common and aggressive intraparenchymal primary brain tumor in adults. Contemporary multimodality therapy for newly diagnosed patients, consisting of maximal surgical resection, concomitant radiation plus temozolomide (TMZ) followed by adjuvant TMZ 1 has extended the median survival to 15 months, though only 10-26.5% of patients survive longer than two years. 2 Treatment is challenging because of the notoriously unpredictable chemosensitivity of GBM which is likely linked to the genetic aberrations underlying its pathogenesis. Molecular biomarkers arising from these aberrations continue to be identified, and have been shown to have predictive and prognostic potential in GBM. In a post facto analysis of the landmark EORTC/NCIC study of adjuvant chemoradiation (CRT) with TMZ, it was suggested that methylation of the O 6 -methylguanine DNA methyltransferase ABSTRACT: Aim: To review the impact of molecular biomarkers on response to therapy and survival in patients with primary glioblastoma (GBM). Materials & Methods: Tissue specimens were analyzed for p53 mutations, EGFR amplification, loss of PTEN and p16, and O 6 -methylguanine DNA methyltransferase (MGMT) promoter methylation. Demographic and clinical data were gathered from medical records. Results: Clinical and pathological data of 125 patients were collected and analysed. MGMT promoter methylation was associated with improved median overall survival (OS) (61 vs. 42 weeks, p = 0.01) and was an important prognosticator independent of age at diagnosis, extent of resection and post-operative ECOG performance status (HR 2.04, 95% CI 1.11-3.75). Among patients with MGMT promoter methylation, survival was significantly improved with chemoradiotherapy (CRT) over radiotherapy (RT) alone (71 vs. 14 weeks, p < 0.01). Furthermore, amongst those treated with temozolomide (TMZ) based CRT, the presence of EGFR amplification, maintenance of PTEN and wild-type p53 and p16 were each associated with trends towards improved survival. Conclusion: MGMT promoter methylation is a strong, independent prognostic factor for OS in GBM. EGFR amplification, maintenance of PTEN, wild-type p53 and p16 all appear to be associated with improved survival in patients treated with CRT. However, the prognostic value of these biomarkers could not be ascertained and larger prospective studies are warranted.
adjuvant CRT with TMZ followed by six months of maintenance TMZ as a new standard of care for the management of GBM and stimulated further interest in investigating other biomarkers.
Amplification of the epidermal growth factor receptor (EGFR) gene was one of the first genetic alterations identified in the pathogenesis of gliomas 4 and is the target of the small molecule tyrosine kinase inhibitors (TKI) gefitinib and erlotinib. Investigations into the prognostic value of EGFR expression levels have produced mixed results, [5] [6] [7] and the effect may be agedependent. 8, 9 Phosphatase tensin homolog on chromosome 10 (PTEN) is a tumor suppressor gene closely linked to the EGFR signalling pathway. 10 Loss of PTEN, which occurs in 40-70% of GBM, 11 results in uncontrolled cell proliferation and immortality 10, 12 independent of EGFR signalling and has been associated with poorer survival outcomes. 11 The p53 tumor suppressor gene protects genetic integrity; mutations of p53 have been implicated in the development of many cancers. 13 The prognostic role of p53 remains undefined in GBM, 7, 14 and its impact on response to therapy and survival has been shown to vary with age 9 and may depend on which of its downstream effectors are affected. 15, 16 Finally, p16 is a key inhibitor in the cell cycle checkpoint regulating the transition from the G1 to S phase of DNA synthesis. 17 A homozygous deletion of p16 is believed to represent a late step in the progression of astrocytic tumors into GBM. 15 However, its clinical significance in GBM has yet to be established. 8, 14 In view of these equivocal findings with respect to the predictive and prognostic role of various molecular biomarkers in the management of GBM, we decided to examine our own patient population with the hope of shedding further light on this issue. In this retrospective review, we describe the clinical and molecular profiles of patients diagnosed with primary GBM who were treated and followed at our institution, and evaluate their relationship with response to therapy and survival outcomes.
MATERIALS & METHODS
Adult GBM patients operated on between January 1998 and January 2008 were identified in the pathology records of the Montreal Neurological Hospital. Only patients on whom molecular data were available were included in our review. Patients who were originally diagnosed with lower grade gliomas which transformed into secondary GBM were excluded. Patient demographics, treatment regimens and clinical outcomes were abstracted from hospital charts.
Tissue specimens were processed and analyzed for specific molecular markers. Genomic DNA was isolated from 15 μm thick paraffin sections using the QIAamp DNA mini kit (Qiagen Sciences, MD, USA). Bisulfite treatment of 1 μg of DNA was performed using the EZ DNA Methylation Gold Kit (Zymo Research, Orange, CA, USA). 18 Methylation of the MGMT promoter gene was assessed by methylation specific polymerase chain reaction (PCR). This was performed using the specific primers to distinguish methylated and unmethylated DNA. 19 The primer sequences used were as follows: UM forward 5'TTTGTGTTTTGATGTTTGTAGGTTTTTGT 3', UM reverse 5'AACTCCACACTCTTCCAAAAACAAAACA 3', M forward 5'TTTCGACGTTCGTA GGTTTTCGC 3' and M reverse GCACTCTTCCGAAAACGAAACG 3'. Methylated and unmethylated PCR products were visualized on a Criterion precast gel 10% TBE (Bio-Rad Laboratories, Inc., CA, USA). Control DNAs were treated concomitantly and consisted of genomic DNA isolated from the HeLa cell line for the methylated form and from placental DNA for the unmethylated form.
Amplification of EGFR, loss of p16 and PTEN were assessed by dual-color interphasic fluorescence in situ hybridization. This was performed on 5 μm thick formalin fixed paraffin embedded sections using commercially fluoresecent probe sets from Vysis (Abbott Molecular, IL, USA) and following the manufacturer protocol: LSI 1p36/LSI1q25, LSI19q13/19p13, LSI EGFR/CEP7, LSI p16/CEP9 and LSI PTEN (10q23)/CEP10. p53 mutations were assessed by the fluorescent single-strand conformation polymorphism (SSCP) assay using an ABI 310 genetic analyzer.
Kaplan and Meier survival analysis was used to compute the survival time. Overall survival (OS) was calculated from the index date of biopsy or resection to the date of death or last follow-up. Time to progression (TTP) was determined from the date of pathological diagnosis to the date of first radiographic or clinical evidence of disease recurrence, progression or death. Differences in OS and TTP due to biomarkers as well as the known clinical parameters of age (> 50 years, <50 years), extent of surgery (resection vs. biopsy), post-operative Eastern Cooperative Oncology Group (ECOG) performance status (0-2 vs. 3+) and adjuvant CRT with TMZ vs. Adjuvant radiation (RT) alone were compared using the log-rank test. The impact of biomarkers on survival outcomes was calculated using the Cox proportional hazards model after adjusting for the aforementioned clinical parameters. Statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL, USA) and STATA 10.1 (Stata Corp LP, TX, USA) statistical software.
RESULTS

Patient Demographics
Molecular data were available on a total of 137 initially identified patients. Of these, 12 were excluded from our analysis. Nine patients had developed a secondary GBM from a previous lower grade glioma and three patients lacked basic demographic and clinical data including date of birth, date and extent of surgery or last follow-up. The clinical characteristics of the remaining 125 patients are presented in Table 1 .
Management
Data on patient management are also summarized in Table 1 . Of the 122 patients for whom operative reports were retrieved, 101 (83%) underwent surgical resection of their tumors. Seventy-eight (62%) patients received radiation (40-60 Gy) concurrent with TMZ followed by maintenance TMZ for a median of four months (1-12 months). Within the CRT group, three patients actually underwent sequential, but not concurrent, radiation followed by TMZ. One patient within the CRT group received CPT-11 on the RTOG 0420 protocol. Twenty-five (20%) patients were treated with RT alone at doses of 20-60Gy. Of the remaining 22 patients, two received RT concurrent with gefitinib on the Radiation Therapy Oncology Group (RTOG) 0211 protocol, one patient underwent RT followed by carmustine, and two patients received TMZ monotherapy. Six patients were treated with comfort measures postoperatively, two patients died before adjuvant therapy began, three refused adjuvant therapy, and one had an intracranial hemorrhage postoperatively thereby precluding further treatment. Treatment information was missing for the remaining five patients.
Seventy-four (59%) patients had documented relapses. Of the patients on whom information on second line therapy was available, 15 were salvaged with surgery alone and two were treated with stereotactic radiosurgery at a dose of 15 Gy. Others were treated with surgery followed by various regimens of salvage chemotherapy as outlined in Table 2 .
Molecular Biomarkers
Of the 105 patients whose tumors were evaluable for MGMT promoter methylation status 57 (54%) had methylated promoters. Epidermal growth factor receptor expression was assessed in 112 patients and was amplified in 46 (41%) cases. Phosphatase tensin homolog on chromosome 10 was lost in 52 (65%) of 80 tested cases. Out of 77 samples tested for the p16 regulatory protein, 33 (43%) contained a homozygous deletion. p53 was mutated in nine (29%) of 31 tumor samples amenable to testing. These results are summarized in Table 3 .
Clinical Characteristics & Survival Outcomes
The median survival time for the entire study cohort was 53 weeks (95% confidence interval [CI] 47.7-58.3 weeks). Median time to progression was 25 weeks (95% CI 20.8-29.2 weeks). Median survival post relapse was 27 weeks (95% CI 19.7-34.2). Median duration of follow-up in living patients was 73 weeks (range 1-199 weeks).
Surgical resection and a postoperative ECOG performance status of < 2 were associated with trends towards better median OS (53 vs. 38 weeks, p = 0.39 and 51 vs. 38 weeks, p = 0.87, respectively). Age at diagnosis (>50 years vs. ≤ 50 years-of-age) and sex were not important clinical prognosticators. On univariate analysis, treatment TMZ based CRT resulted in a trend towards improved median OS compared to those treated with RT alone (60 vs. 38 weeks, p = 0.18). These findings are summarized in Table 4 . On multivariate analysis adjusting for age, sex and postoperative ECOG performance status, tumor resection instead of biopsy (HR 2.43, 95% CI 1.11-5.31), and CRT as opposed to RT alone (HR 4.42, 95% CI 2.14-9.13), emerged as significantly prognostic of improved survival. There was insufficient clinical data to subdivide our patient population into the recursive partitioning analysis subgroups previously described by Curran et al. 20 
Impact of Molecular Biomarkers on Survival
Methylation of the MGMT promoter was associated with a markedly improved OS time (61 vs. 42 weeks, p = 0.01) as well as TTP (30 vs. 24 weeks, p = 0.02). In the subgroup of patients who received CRT only, those with a methylated MGMT promoter benefited significantly (71 vs. 42 weeks, p < 0.01). Amongst those with MGMT promoter methylation, treatment with CRT resulted in a highly significant increase in OS compared to RT alone (71 vs. 14 weeks, p < 0.01; Figure) . Among patients who received CRT, EGFR amplification was associated with a longer median OS (70 vs. 54 weeks, p = 0.07). Similar but weaker trends were also observed among patients in the CRT subgroup who had maintenance of PTEN (74 vs. 59 weeks, p = 0.12), wild-type p53 (67 vs. 53 weeks, p =0.35) or wild-type p16 (67 vs. 54 weeks, p = 0.24). However, when the entire study population was examined, EGFR amplification status, loss of PTEN, and mutations of p16 and p53 did not appreciably affect OS or TTP. These findings are summarized in Table 5 .
Cox regression analysis confirmed the strong prognostic potential of MGMT methylation status. Patients with an unmethylated MGMT promoter experienced a higher risk of mortality compared to those with a methylated promoter (HR 1.72, 95% CI 1.13-2.62). This effect was maintained after adjusting for the potential confounding effects of age at diagnosis, extent of resection and postoperative performance status (HR 2.04, 95% CI 1.11-3.75). The prognostic value of EGFR, PTEN, p53 and p16 were not established in the current analysis.
DISCUSSION
In this retrospective study, the importance of MGMT promoter methylation status was confirmed. MGMT promoter methylation was associated with a significantly longer median OS, even after adjusting for established clinical prognosticators such as age, extent of resection and performance status. 20 The current study also suggests a predictive effect of MGMT promoter methylation status on sensitivity to CRT compared to RT alone. However, it is becoming evident that other factors may also influence survival outcomes on TMZ as even patients with an unmethylated MGMT promoter also appear to have a survival benefit with CRT. 3 For example, variations in expression levels of mutated p53 and MGMT have been associated with differences in progression free survival time on TMZ. 21 With respect to the impact of other molecular biomarkers, among patients who received CRT, those with EGFR amplification, maintained PTEN, wild-type p16 or p53 tended to experience longer survival times. In a phase II study combining erlotinib with TMZ based CRT, OS appeared to be improved compared to historical controls. 22 Furthermore, patients with an intact PTEN as well as MGMT promoter methylation experienced a significant survival advantage, 22 although the mechanism underlying this observation has yet to be elucidated. In view of the respective roles of PTEN and MGMT in regulating cell proliferation and DNA repair, it is conceivable that, in the rapidly dividing and error-prone environment of tumor cells, PTEN maintenance and MGMT promoter silencing would produce a favourable phenotype.
The prognostic impact of EGFR has been less clear; examination of EGFR expression levels have produced contradictory results. [5] [6] [7] EGFR and PTEN activity are closely intertwined through the PI3K/Akt signalling cascade and the mutation of either compound will result in the constitutive activation of this pathway. 12 To our knowledge, no studies, including the current one, have specifically examined the effect of PTEN or EGFR on response to CRT with TMZ. Although the results in the current study are intriguing, they must be interpreted with caution especially since they were derived from a small and heterogeneous study population.
It was surprising to observe that none of the clinical characteristics, including established prognosticators such as THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES 628 CRT = chemoradiotherapy; RT = radiotherapy; TMZ = temozolomide Assignment of the type of resection was made based upon operative reports and not post-operative imaging. In the case of performance status, this was likely an issue of insufficient power given that only six patients had an ECOG ≥ 3 compared to 51 patients with an ECOG of 0-2. The absence of a significant difference between patients treated with CRT versus RT only may also be explained by sample heterogeneity. Furthermore, it is important to note that patients who relapsed but who maintained an adequate performance status were eligible for second, and even third-line treatments with various combinations of surgery, local and systemic therapy. However, given the small size of our study population, it was not possible to examine how salvage therapy might have interacted with our biomarker analysis, or to ascertain the extent to which it influenced the observed outcomes.
A key concept in oncology is that of the pluripotent cancer stem cell. Tumorigenesis arises from a common progenitor cell through the accumulation and complex interplay of mutations in key signalling pathways regulating growth, differentiation and apoptosis. In many cancers, it has become apparent that the molecular byproducts of these mutations have relevance as potential targets for drug development or predictors of response to therapy. This has driven the shift in therapeutic strategies in oncology from "traditional" cytotoxic chemotherapy, which remains indispensable in cancer treatment, to molecular pathway-specific targeted agents. In GBM, there has been evidence to suggest that primary, secondary and perhaps recurrent disease are each characterized by distinct gene expression profiles which, in turn, appear to correlate with differential sensitivities to various chemotherapeutic and targeted agents. For example, primary GBM is typically associated with EGFR amplification and deletion of PTEN, while p53 inactivation is more commonly seen with secondary GBM. [23] [24] [25] While retrospective studies examining the relationship between EGFR amplification status and response to erlotinib have produced contradictory results, 22, 26 expression of its mutant variant EGFRvIII, has been associated with sensitivity to gefitinib in the recurrent setting. 12, 27 The presence or absence of PTEN, in conjunction with EGFR or EGFRvIII expression, also appears to modulate sensitivity to TKI in recurrent GBM. 12, 28, 29 Clearly, GBM is a disease with extremely heterogeneous clinical and molecular properties that have been shown to interact with each other. 8 For these reasons, the search for the optimal approach to utilizing and integrating this information in a clinically meaningful way continues to be a challenging endeavour.
CONCLUSION
O 6 -methylguanine DNA methyltransferase promoter methylation status is a strong, independent prognostic factor for overall survival in GBM. EGFR amplification, maintenance of PTEN, and the presence of wild-type p53 and p16 each appear to be associated with improved survival in patients treated with CRT. However, with the exception of MGMT, the prognostic value of these biomarkers could not be ascertained in a statistically meaningful way and larger prospective studies may be warranted. In the absence of more effective therapies directed towards specific molecular variations, the utility of routine genetic profiling in GBM will remain limited. 
